Introduction
. The current view in cultured cells, however, is that dynein does not contribute to ER movement. This conclusion is based on the observations that ER tubules do not move actively towards the cell centre in newt lung cells (Waterman-Storer and Salmon, 1998) , and that inhibiting dynein function by overexpressing the dynactin p50-dynamitin subunit had no effect on ER morphology in HeLa cells (Burkhardt et al., 1997) .
Here, we re-examine ER motility in living mammalian cultured cells to determine the relative contributions of TACs and motors in ER dynamics. ER organisation is dependent on both MTs and motor activity as loss of motility leads to a shift from a reticular to a more lamellar morphology. We demonstrate for the first time that ER membranes in cultured mammalian cells are actively transported towards MT minus-ends at the cell centre by the MT minus-enddirected motor cytoplasmic dynein. Furthermore, we confirm that kinesin-1 drives outward movement of ER tubules in vivo.
Results

ER motility is based on MTs
Although previous evidence obtained from in vitro motility assays suggests that kinesin-1 is most likely the only MT plus-end-directed motor protein that drives ER motility (Wozniak and Allan, 2006) , conclusive in vivo evidence for the motor involved is lacking. In previous studies DiOC 6 was used to label the ER (Lee et al., 1989; Lee and Chen, 1988; Terasaki et al., 1984; Terasaki et al., 1986; Terasaki and Reese, 1994; Waterman-Storer and Salmon, 1998) . However, this compound is not selective and stains all membranous organelles. In addition, we noticed that the ER in cells labelled with DiOC6 was much less motile than the ER in cells expressing GFPtagged ER markers (data not shown). Although GFP tagged with an HDEL ER-retention sequence and Sec61α-GFP enabled us to follow ER movement, a proportion of cells demonstrated a high cytosolic background of mislocalised GFP (data not shown). Therefore, we prepared an ER-targeted GFP construct that associates with the ER by inserting into the cytoplasmic face of the ER membrane by means of a C-terminal tail anchor sequence (Fig. 1A) . The GFP-ER construct was transfected into cells and expressed for 16-24 hours. Expression of the construct in VERO (Fig. 1B) , COS7 or NRK cells (data not shown) resulted in labelling of a tubular reticular network that colocalised with the ER lumenal protein calreticulin (Fig. 1B) . Expression had no effect on the MT network (Fig. 1C) .
We then used the construct to image ER movement in living cells at high frame rates (ten frames/second). Although there was some variability between cells, we noticed that the ER network was much more motile in VERO than in COS7 cells, and the network was less dense, making imaging of moving tubules easier (data not shown). All subsequent experiments were therefore performed in VERO cells. ER motility was complex and included the extension of tubules along linear trajectories, as well as a continual stretching and remodelling of the ER network (supplementary material Movie 1), as has been described previously (Lee and Chen, 1988) . ER dynamics were similar in the cell centre and in the periphery (data not shown), although individual movements were much easier to image away from the nucleus. Overlapping the first and last frames of Movie 1 revealed that the ER network had changed its organisation substantially during 30 seconds ( Fig. 2A) .
Previous studies have demonstrated that the motility of the ER in cultured cells strongly depends on MTs (Terasaki et al., 1986; Lee et al., 1989; Terasaki and Reese, 1994) . This was also true in VERO cells as depolymerisation of MTs completely inhibited ER tubule extension and network rearrangements (supplementary material Movie 1). The first image of nocodazole-treated cells nearly completely overlapped with the final frame, indicating that there was hardly any movement during the 30 second image sequence in the absence of MTs (Fig. 2B ). This lack of movement suggested that myosin-driven movement plays only a minor role in ER motility in VERO cells. In support of this conclusion, ER motility in cells treated with cytochalasin D was not obviously affected ( Fig. 2C ; supplementary material Movie 1), although the ER tubules appeared slightly thickened. Therefore, ER motility in VERO cells mainly depends on the MT cytoskeleton.
Analysis of ER tubule extension in living VERO cells
We could distinguish two types of ER tubule extension events in living VERO cells expressing the GFP-ER construct. First, a proportion of ER tubules extended slowly towards the cell periphery, resembling the MT plus-tip attachment complexes (TACs) (Waterman-Storer and Salmon, 1998) that have been described previously. To determine what proportion of ER tubules moved as TACs, we microinjected VERO cells with the GFP-ER construct along with a Tomato-EB3 construct, which encodes a neuronal homologue of EB1 (Nakagawa et al., 2000) fused to a red fluorescent protein (RFP) variant, dtTomato (see Materials and Methods) that localises to the growing plus-ends of MTs. An example of a TAC is shown in Fig. 3A and supplementary material Movie 2. On average, only 7% of ER tubules extended by means of TACs (n=19 cells), and, in some cells, we did not observe them at all. Instead, most
Journal of Cell Science 122 (12) Fig. 1 . ER-GFP localises to the ER and does not affect cell morphology. (A) A C-terminal tail anchor ER-targeting sequence was attached at the C-terminus of GFP through a 14-residue linker peptide. (B,C) VERO cells were transfected with vector encoding ER-GFP and were labelled with antibodies against either calreticulin (B) or tubulin (C). Insets in B are 1.7ϫ magnifications of the selected region. Scale bars: 20 μm. In this and all subsequent figures the brightness and contrast have been adjusted so that the peripheral ER can be seen, which results in signal saturation in the cell centre.
moving ER tubules extended rapidly either towards and away from the cell periphery ( Fig. 3B ; supplementary material Movies 1 and 3), and these movements were very easy to distinguish from the relatively slow rate of TAC extension (0.14-0.25 μm/second, n=40). We tracked the movement of individual ER tubules using MetaMorph and determined the displacement between frames, allowing the maximal frame-to-frame speed of movement for each tubule to be calculated. This was comparable for both directions of movement, being 4.3-4.6 μm/second (Table 1) .
As these rapid inward movements could not be mistaken for the slow actin-dependent retrograde ER flow reported previously (Terasaki and Reese, 1994; Waterman-Storer and Salmon, 1998) , we tested whether they were driven by a MT motor protein. As dynein-driven ER motility has not been reported before in cultured cells, we considered an alternative explanation, which is that some MTs might be organised with their plus-ends oriented towards the cell centre, allowing kinesin-1 to transport ER tubules inwards. We transfected VERO cells with Tomato-EB3 and counted EB3-labelled MT tips that grew inward and outward. There was considerable variability between cells: in some, MTs were organised with nearly all their plus-tips pointing towards the cell periphery, whereas, in others, ~20% of MT tips extended inward. The average percentage of inward-growing MTs, labelled with Tomato-EB3, was 10.3±1.14% (s.e.m.), as estimated from 24 cells in three independent experiments. The inwardly pointing MTs were either a result of bending of centrally nucleated MTs (Fig. 3C) or of nucleation at the cell periphery (Fig. 3D) . However, as the number of ER tubules moving rapidly inward equals those moving outward ( Fig. 4G; Fig.  5F ,G), it is unlikely that the 10% of MTs oriented towards the cell centre provide tracks for all these inward movements. The direct involvement of a minus-end-directed MT motor was confirmed by imaging cells expressing both GFP-ER and dTomato-EB3 (at levels where MTs were sufficiently coated along their length to be visualised) ( Fig. 3E ; supplementary material Movie 4). A growing MT can be seen making contact with an ER tubule, which then moves towards the MT minus-end. Taken together, these data reveal that there are two types of ER movements in VERO cells: slow extension by means of TACs and rapid motor-protein-driven movements that can be divided into plus-end-and minus-enddirected movements.
A role for dynein-dynactin in ER motility
We suspected that the minus-end-directed movement of ER tubules was driven by cytoplasmic dynein. As the function of this motor can be disrupted by the overexpression of the p50 (dynamitin) subunit of dynactin (Echeverri et al., 1996; Burkhardt et al., 1997) , we coexpressed GFP-ER together with mCherry-p50 (or mCherry as a control) and observed ER organisation after fixation. ER morphology varied between cells in control transfections, with 70% of cells having a mainly tubular-reticular morphology (Fig.  4A ,E) (defined as having less than ~40% of the ER area as lamellae). As has been described previously, lamellar regions were concentrated in the cell centre (Puhka et al., 2007) . By contrast, 30% of cells contained more extensive lamellar patches of ER. Lamellar ER was not an artefact of GFP-ER expression as a similar proportion of non-transfected cells labelled with antibody against calreticulin exhibited each phenotype (Fig. 4E) . In cells transfected with GFP-ER and mCherry-p50, the situation was reversed, with 70% of cells having lamellar ER morphology (Fig. 4E ). In the most severely affected cells, the ER did not form a reticular network at all but instead formed large lamellar patches (Fig. 4B) . In other cells, the patches were smaller (Fig. 4C ) or were only observed in peripheral regions (Fig. 4D) . We also noticed that cells expressing p50 often had more ER in the cell periphery than control cells, as might be expected if plus-end-directed movement continued when dynein was inhibited. This impression was confirmed by measuring Fig. 2 . ER motility depends on microtubules (MTs). VERO cells were transfected with vector encoding GFP-ER: MTs were depolymerised with nocodazole (B) and the actin cytoskeleton was depolymerised with cytochalasin D (C); untreated cells were used as a control (A). Cells were imaged for 30 seconds at 10 frames/second, and the first (first row) and last (second row) frames were overlapped using ImageJ (bottom row). White areas indicate complete overlap of the first frame (magenta) with the last frame (green). Green or magenta areas show regions of the ER network that moved during imaging. Merged images in the bottom row are 2.8ϫ magnifications of the selected boxed regions. Scale bars: 20 μm.
the fluorescence intensity along a line drawn from the nucleus to the cell periphery and plotting the average from 120 cells per condition. In p50-expressing cells, the central fluorescence intensity was reduced compared with that in RFP-expressing cells, whereas the peripheral intensity was increased (Fig. 4F) .
We also counted moving ER tubules in cells cotransfected with GFP-ER and either mCherry-p50 or mCherry (Fig. 4G) . The number of inward-moving ER tubules was reduced significantly in cells expressing mCherry-p50 (P<0.001), whereas outward movement was not affected significantly (P=0.45). We also determined the maximal rates of outward-moving tubules in cells expressing mCherry-p50. Interestingly, the average maximal rate was ~1.0 μm/second higher than in control cells (P<0.01, Table 1 ). Taken together, our experiments indicate that dynein-dynactin is involved in ER motility and drives the movement of ER tubules towards the cell centre.
Kinesin-1 drives ER motility in VERO cells
We have previously shown that kinesin-1 is the major MT plusend-directed motor protein for rat liver RER motility in vitro by Journal of Cell Science 122 (12) using a range of inhibitory GST fusion proteins (Wozniak and Allan, 2006) . We made similar constructs for expression in mammalian cells by swapping GST for RFP. An RFP-tagged C-terminal fragment of kinesin-1 heavy chain (RFP-KHCct) should inhibit kinesin activity by binding to the kinesin motor domain (Wozniak and Allan, 2006; Coy et al., 1999) . When expressed at high levels, some MT decoration by RFP-KHCct was seen (data not shown) as this construct contains the previously described cryptic MT-binding site (Navone et al., 1992) . However, cells with strong MT labelling were never selected for imaging. We also generated a shorter KHC C-terminal construct (RFP-KHCtail, containing amino acids 925-963), which displayed little or no MT binding (data not shown). In addition, to test whether specific kinesin light chains (KLCs) are involved in ER motility in vivo, we made RFP-tagged KLC1B and KLC1D constructs (RFP-BTC, RFP-DTC) that contained the tetratricopeptide repeat domain and isoform-specific C-terminal sequences (Wozniak and Allan, 2006) . RFP-DTC served as a negative control as we have shown previously that a GST-DTC fusion protein has no effect on ER motility in vitro, whereas GST-BTC was inhibitory (Wozniak and Allan, 2006) .
To determine whether kinesin-1 inhibition affected ER tubule movement, we microinjected cells with DNA encoding GFP-ER mixed with either RFP vector as a control or one of the kinesin constructs (Fig. 5 ). Outward movement of the ER was inhibited in RFP-KHCct-and RFP-KHCtail-expressing cells ( Fig. 5D ,E; supplementary material Movie 5). Reduced motility was also observed in RFP-BTC-expressing cells ( Fig. 5C ; supplementary material Movie 5). We scored moving ER tubules in at least 30 cells expressing RFP-tagged kinesin-1 fragments from three independent experiments. RFP-KHCct, RFP-KHCtail and RFP-BTC all inhibited outward motility of the ER, whereas RFP-DTC and RFP had no effect (Fig. 5F ,G). The remaining motile tubules moved at a rate similar to that of controls (Table 1) . Inward ER tubule movement was unaffected by RFP-BTC or RFP-DTC. The two heavy chain constructs had different effects on inward movement. RFP-KHCct caused a slight inhibition, whereas RFPKHCtail led to a minor increase in motility (see supplementary material Movie 5, RFP-KHCtail, for four clear examples of inward movement): however, neither effect was statistically significant upon quantification (Fig. 5F,G) .
We wondered whether expression of RFP-KHCct had an analogous effect on the rates of inward tubule extension as the expression of mCherry-p50 had on outward rates (Table 1) . While the maximal rate of outward tubule movement was similar in RFPand RFP-KHCct-expressing cells, the maximal rate of inward tubule movement was significantly faster upon expression of RFP-KHCct (4.35 μm/second in control cells against 4.99 μm/second in RFPKHCct-expressing cells, P<0.01; Table 1 ). By contrast, expression of RFP-KHCtail had no effect on the inward movement rate (Table  1) .
Role of MTs and motors in determining the ER network morphology
Previous studies have shown that the ER in some cell types collapses inwards when MTs are depolymerised (Lee et al., 1989; Terasaki et al., 1986; Terasaki and Reese, 1994; Waterman-Storer and Salmon, 1998) . We were therefore surprised that ER retraction was a relatively rare consequence of inhibiting kinesin-1 (Fig. 5) , even though dynein-driven ER movement persisted. However, cells expressing either RFP-KHCtail or RFP-KHCct often had a sparser peripheral ER network with larger polygons. To determine whether the observed lack of ER retraction was a consequence of incomplete kinesin-1 inhibition, we imaged the ER at slow frame rates (one frame per 6 seconds) during the process of MT depolymerisation induced by nocodazole (see Materials and Methods). Very little bulk inward movement of the ER was seen (supplementary material Movie 6; Fig. S1 ), suggesting that the actin-based inward flow of ER noted in some cell types (Terasaki and Reese, 1994 ; WatermanStorer and Salmon, 1998) might not be occurring. This was confirmed by imaging cells expressing both GFP-ER and mCherryactin before and during nocodazole treatment. Few VERO cells showed any evidence of inward movement of actin filaments (five out of 15 cells over three experiments), and only two cells showed any evidence of corresponding actin-based retraction of the ER network. By contrast, when the same markers were imaged in Xenopus A6 cells, actin filaments and ER moved inwards together in all cells (n=22) (supplementary material Movie 6; Fig. S1 ), consistent with previous observations in amphibian cell lines (Terasaki and Reese, 1994; Waterman-Storer and Salmon, 1998) .
A striking feature of many nocodazole-treated VERO cells (20 out of 29 cells, from five independent experiments) was that the ER underwent a shift from reticular to lamellar morphology, with peripheral lamellar patches appearing (supplementary material Movie 6). Interestingly, disruption of kinesin function led to a significant shift of ER morphology from reticular to lamellar, with 63% of KHCct-expressing cells having a lamellar ER against 30% of control cells (Fig. 4E) . Likewise, inhibition of dynein function also promoted lamellar morphology (Fig. 4E) . A second phenotype was seen in nocodazole-treated cells, where the remaining ER tubules often became thicker, and the reticular network became much simpler (16 out of 29 cells). Interestingly, these thickened tubules often remained anchored at the cell periphery (supplementary material Movies 1 and 6; Figs 2, 5 and 6; supplementary material Fig. S1 ). The net result of these changes is that the morphology of the peripheral ER reticulum in VERO cells is profoundly altered when MTs are depolymerised, but the ER is not necessarily retracted from the cell periphery.
When nocodazole was removed, the fine ER reticulum in control cells was rapidly re-established throughout the cell, with an extended, reticular ER organisation observed within ~8 minutes (Fig. 6A) . While the expression of RFP-KHCct (or RFP-BTC; data not shown) had no effect on nocodazole-induced changes (supplementary material Movie 6), their presence delayed the reappearance of a normal peripheral ER reticulum after nocodazole wash-out, with clustered or lamellar ER still present 30 minutes ER tubules that moved inward or outward in cells expressing the indicated construct were tracked using MetaMorph, and the maximum frame-to-frame displacement was used to generate the maximum rate of translocation. The Student's t-test was used to determine whether differences between controls (RFP-or mCherry-expressing cells) and experimental samples were significant (*P≤0.01; **P≤0.0001). ND, not determined.
after nocodazole removal (Fig. 6B) . However, if cells were left longer without nocodazole (~1 hour), the ER extended to the cell periphery even in cells strongly expressing RFP-KHCct (Fig. 6B) . Similar results were seen by immunofluorescence of fixed cells (data not shown). Taken together, our data indicate that kinesin-1 and dynein are motor proteins that drive ER dynamics in living cells and also contribute to the overall morphology of the ER network.
Discussion
We have examined ER motility in VERO cells and find that ER tubules move in both directions along MTs by using kinesin-1 and cytoplasmic dynein. When either motor is inhibited, or MTs are depolymerised, we observe that the ER morphology shifts from tubular to lamellar but that many ER tubules still extend right to the cell periphery.
Cytoplasmic dynein drives inward ER movement
We were surprised to find that about half of the rapid ER tubule movements in VERO cells were directed towards the cell centre. Fast bidirectional motility of vesicular ER structures has been seen in dendrites, but that movement was ascribed to kinesin-1 based on the fact that dendrites contain MTs of mixed polarity and that all of the movement was blocked when kinesin-1 was inhibited (Bannai et al., 2004) . In VERO cells, only a small proportion of MTs were oriented with their plus-ends inwards, and blocking kinesin-1 function had no effect on inward tubule translocation. Using tdTomato-EB3, we confirmed that ER tubules can indeed move towards the minus-ends of MTs. Overexpressing the p50 subunit of dynactin, which disassembles the dynactin complex and so blocks dynein activity (Echeverri et al., 1996; Eckley at al., 1999) , inhibited this inward movement, confirming that it is driven by dynein.
This use of dynein to drive ER motility is clearly a widespread phenomenon as it occurs in Xenopus laevis and mouse eggs and in the fungus U. maydis (Niclas et al., 1996; Allan, 1995; FitzHarris et al., 2007; Wedlich-Söldner et al., 2002) as well as in VERO cells. However, not all cultured cell types appear to exhibit this behaviour or RFP-KHCtail (E) were imaged for 30 seconds (10 frames/second). Cells expressing RFP proteins are identified in the top row. Acquired image stacks were collapsed (third row) using ImageJ and overlapped with the first frame of each acquisition (second row). In the merged images (bottom row, 3.4ϫ magnifications of the boxed area), the white areas indicate complete overlap of the first frame (magenta) with the image of the collapsed stack (green). Scale bars: 20 μm. (F,G) Graphs showing the number of tubules moving inward or outward in cells microinjected with plasmids encoding GFP-ER and various RFP-tagged plasmids. Tubules were counted in >30 cells in 3-4 independent experiments and are expressed as the number counted per cell in a box of 10ϫ10 μm (panel F) or 15ϫ15 μm (panel G) per 30-second movie. Error bars indicate s.e.m., and P values were calculated using the Student's t-test (*P≤0.05; ** P≤0.01; *** P ≤0.001).
as imaging of the ER in newt lung epithelial cells revealed only slow inward movement of ER tubules in association with actin arcs (Waterman-Storer and Salmon, 1998). Furthermore, expressing p50 in HeLa cells had no effect on ER morphology (Burkhardt et al., 1997) even though in VERO cells it causes clear accumulation of lamellar ER that is often enriched in the cell periphery ( Fig. 4A-D) . This might be due in part to the different degrees of ER motility in these cell lines, as we have found that HeLa ER is much less motile than that in VERO cells (M.J.W., unpublished data).
Kinesin-1 and TACs drive outward ER movement
Our imaging of ER motility in living cells confirms previous observations (Waterman-Storer and Salmon, 1998; Grigoriev et al., 2008) that ER tubules move towards the cell periphery using a combination of motor-driven translocation and attachment to growing MT tips (by means of TACs). Interestingly, the balance between these two mechanisms differs between cell types (this work) (Waterman-Storer and Salmon, 1998; Grigoriev et al., 2008) . Why this should be so is not clear, but one possibility worth investigating is whether TAC activity is proportional to the levels of STIM1 expression as STIM1 binds to the +TIPs EB1 and EB3 to link ER tubules to growing MT ends (Grigoriev et al., 2008) .
Kinesin-1 was proposed two decades ago to be the motor that drives ER tubule extension (Dabora and Sheetz, 1988) , and this was confirmed by using in vitro assays for ER motility (Lane and Allan, 1999; Wozniak and Allan, 2006) . The situation in vivo has been less clear, however. For example, disrupting kinesin expression using an antisense approach led to aggregation of ER membranes around the nucleus in astrocytes (Feiguin et al., 1994) , whereas cells from Kif5B-knockout mice had a normal ER distribution (Tanaka et al., 1998) . In keeping with the latter situation, overexpression of our kinesin-1-inhibitory fragments had only subtle effects on ER distribution, causing a slight decrease in the density of the reticulum in peripheral regions, and an increase in lamellar morphology. Importantly, however, the same reagents strongly inhibited both ER re-extension after MT depolymerisation and outward ER tubule movement in living cells. Similar results have been obtained in dendrites, where overall ER organisation was not affected by Kif5B antisense treatment or by expressing a headless KIF5B protein, whereas the movement of a vesicular ER subdomain was inhibited (Bannai et al., 2004) .
One explanation for these apparently contradictory results is that, although kinesin-1 or TACs extend ER tubules towards the cell periphery, where they often fuse with other tubules to generate the characteristic reticular tubular network, the ER is also stabilised by static interactions with the cytoskeleton. These could involve ERlocalised MT-binding proteins, including CLIMP-63 and others (Klopfenstein et al., 2001; Vedrenne et al., 2005; Vedrenne and Hauri, 2006; Borgese et al., 2006) . However, the ER network is very stable in semi-intact cells in the absence of MTs (Kano et al., 2005) , suggesting that interactions between the ER and other cytoskeletal elements might be important. For example, ERlocalised myosin V could connect ER tubules to actin filaments in the cell cortex, as well as driving short-range motility (Tabb et al., 1998; Wollert et al., 2002) . Additionally, interactions between the ER and plasma membrane might contribute to stabilising the extended ER reticulum in the cell periphery, and this could explain the retention of some peripheral ER tubules over long periods in nocodazole-treated cells (Figs 2, 5 and 6). Whether STIM1 contributes to these interactions remains to be tested.
Is there competition or cooperation between kinesin-1 and dynein on the ER?
An idea that has gained widespread acceptance recently is that, if two motors of opposite polarity are present on one cargo, they will work together, rather than in competition. This is based first on data from a number of systems in which inhibiting one motor leads to simultaneous inhibition of the other motor, and second on biophysical measurements of bidirectional organelle movement (Welte, 2004) . Bidirectional ER movement seems not to fit this pattern, however, as inhibition of dynein had no effect on the number of kinesin-1-driven tubule extensions (Fig. 4G) . Interestingly, however, inhibition of dynein led to an increase in the rate of outward ER tubule movement (Table 1) , again suggesting that the motors are in a 'tug-of-war' rather than working cooperatively. Further support for this conclusion is provided by the effects of one of the inhibitory kinesin-1 constructs, RFP-KHCct, which led to a slight reduction in inward tubule movement (Fig. 5) , while at the same time generating a statistically significant increase in the rate of these movements (Table 1) . By contrast, however, RFP-KHCtail did not alter inward rates and led to a small but statistically insignificant increase in the number of inward tubule movements. This might reflect the fact that the interaction of KHCct with native kinesin-1 can lead to the motor binding tightly to MTs even in the presence of ATP (Wozniak and Allan, 2006) , which could effectively 'lock' the ER on to MTs, reducing its ability to move using dynein.
Journal of Cell Science 122 (12) Whether KHCct has the same effect on the interaction between kinesin-1 and MTs has not been tested. Alternatively, the partial coating of MTs by KHCct (even though cells exhibiting clear MT labelling were not analysed) could hinder the initial binding of dynein to MTs while not affecting, or even stimulating, the rate of translocation of dynein along the MT.
An interesting feature of the ER motility described here is the very rapid maximum rates of movement that the tubules exhibit in both directions along MTs, which far outstrip rates seen for purified kinesin-1 (~1.4 μm/second at 35°C) (Kawaguchi and Ishiwata, 2000) , although they are similar to those of Dictyostelium cytoplasmic dynein (~3.5 μm/second at 25°C) (Shima et al., 2006) . Similar maximum rates have recently been observed for outward ER tubule movement in HeLa cells (Grigoriev et al., 2008) and for dynein-driven ER motility in U. maydis (Wedlich-Söldner et al., 2002) . In neurons, kinesin-1-driven cargoes also move at rates of up to 4 μm/second (Araki et al., 2007) . Interestingly, in this latter case, different rates were observed for distinct cargoes, suggesting that the interaction between the motor and cargo-specific molecules can have a profound effect on motor function. This might explain the discrepancy between the rates of kinesin-1 translocation in vitro and in vivo. It has also been suggested that the rates of movement in vivo increase in an additive fashion for each additional motor engaged (1.2 μm/second per kinesin-1 or dynein on peroxisomes, up to a maximum of 12 μm/second) (Kural et al., 2005) , raising the possibility that ER tubules move rapidly because several kinesin or dynein molecules are working together. However, more recent work has shown that the number of kinesin-1 molecules engaged in moving lipid droplets has no effect on their rate or distance of travel (Shubeita et al., 2008) . The rapid rates of peroxisome movement seen by Kural and co-workers were probably partially attributable to sliding of the MTs themselves in the Drosophila S2 cells used (Kulic et al., 2008) . We have not observed such MT sliding in VERO cells.
Relationship between motility, morphology and ER function
Our movies clearly show that the ER can be highly dynamic and that there is a continuous movement of tubules both towards and away from the cell centre. This raises the question as to what this movement contributes to ER function as the level of ER motility varies between cell types and can also differ between cells in a population (Lee and Chen, 1988) (and M.J.W., unpublished data) .
Motility is obviously linked to ER morphology as the amount of lamellar ER increases while the reticular/tubular domains decrease both when MTs are depolymerised (Lee and Chen, 1988; Terasaki et al., 1986) (Figs 2 and 6 ) and when motors are inhibited (Figs 4 and 5) . The simplest explanation for this is that the force generated by motors pulling on ER membranes plays a significant part in tubule formation by directly promoting alterations in membrane curvature. Alternatively, motor activity could promote the recruitment of members of the reticulon family of proteins whose presence triggers the formation of ER tubules and which are absent from lamellar ER regions (Voelz et al., 2006; Shibata et al., 2006) . However, in living cells, reticulon proteins are particularly important for maintaining the ER network at the cell periphery (Voelz et al., 2006) , while other observations suggest that tubules in this region are far less motile in VERO and COS7 cells (data not shown).
It has been suggested that lamellar regions are where protein synthesis is taking place, whereas tubules correspond to smooth ER . Indeed, it has been shown that triggering enhanced protein synthesis leads to a shift from tubular to lamellar ER in a pancreatic acinar cell line (Rajasekaran et al., 1993) , whereas removing ribosomes with puromycin in CHO-K1 cells has the opposite effect (Puhka et al., 2007) . Although it might seem unlikely that MT depolymerisation or motor inhibition triggers an increase in rough ER in cultured cells, to our knowledge this idea has not been tested. It is certainly possible that kinesin-1 and dynein contribute to the efficiency of protein synthesis and/or export of protein from the ER, however. For example, kinesin-1 has been localised to ER exit sites (Aridor et al., 2001) , and inhibition of kinesin-1 function causes a delay in the exit of newly synthesised protein from the ER (Gupta at al., 2008) . Furthermore, the p150 subunit of the dynactin complex has been shown to be important for ER exit site turnover and accumulation of secretory cargo (Watson et al., 2005) . Interestingly, the lateral mobility of translocon complexes is restricted by the presence of MTs (Nikonov et al., 2007) , although this is most likely due to the activity of CLIMP63 rather than motors.
One benefit of having an ER network that is spread throughout the cell could be to aid the regulation of calcium levels. Although this ER distribution could be achieved by TACs and static interactions with the cytoskeleton, active translocation might facilitate the generation of contacts between the ER and plasma membrane for influx of extracellular calcium (I soc ) following depletion of intracellular stores. Indeed, the level of I soc current has been reported to be sensitive to depolymerisation of MTs (Smyth et al., 2007; Wu et al., 2007) and to inhibition of kinesin or dynein (Wu et al., 2007) . Interestingly, I soc is not affected by disrupting the ability of STIM1 to generate TACs (Grigoriev et al., 2008) , further suggesting that kinesin-1-driven ER movement plays a crucial role in the cellular response to calcium depletion. It will be interesting to monitor ER tubule movement in VERO cells following activation of I soc to see whether the balance between inward and outward movement is affected, particularly as increased cytosolic calcium has been shown to reduce ER dynamics (Brough et al., 2005) .
In summary, the data presented here support results obtained using in vitro motility assays (Wozniak and Allan, 2006) and establishes kinesin-1 as the plus-end-directed MT motor protein for the ER in living VERO cells, explaining contradictory data in the literature. In addition, we demonstrate for the first time that dyneindynactin is actively involved in ER tubule sliding along MTs. Establishing why this motility is important for ER function is a fascinating challenge for the future.
Materials and Methods
Constructs and antibodies
The GFP-ER construct was prepared as described previously (Csordas et al., 2006) . The EGFP open reading frame (ORF) from pEGFP-N1 (Clontech, Laboratories, Mountain View, CA) was amplified with specific primers that added a linker sequence SGLRSRAQASNSRV at the C-terminus of EGFP. A second PCR added the ER targeting sequence of the yeast UBC6 protein (X73234, residues 233-250: MVYIGIAIFLFVGLFMK) to the N-terminus. Finally, the EGFP ORF in the pEGFP-N1 vector was replaced with the amplified GFP-ER ORF. The Sec61α-GFP was a generous gift from Stephen High (University of Manchester, UK) (Greenfield and High, 1999) . mRFP-actin was provided by Martin Humphries (University of Manchester, UK). tdTomato-EB3 encoded full-length mouse EB3, which was amplified from a C 2 C 12 cell cDNA library and tagged with tdTomato (Shaner et al., 2004) , and was a generous gift from Anne Straube (Marie Curie Research Institute, Oxted, UK). Rabbit anti-calreticulin was purchased from Affinity Bioreagents (Golden, CO). All secondary antibodies were purchased from Jackson (West Grove, PA).
The C-terminus of human kinesin heavy chain fragments (KHCct, residues 771-963 and KHCtail, residues 925-963) and hamster kinesin light chain 1 isoforms B and D (residues 228-543 and 228-605, respectively) were amplified using specific primers and cloned into the pcDNA 3.1-mRFP vector (a gift from Martin Humphries, University of Manchester, UK). The chicken p50 (dynamitin) ORF (provided by Trina Schroer (Johns Hopkins University, Baltimore, MA) was amplified with specific primers and cloned into a pcDNA3.1-mCherry vector (mCherry ORF was provided by Roger Tsien, University of California at San Diego, La Jolla, CA) (Shu et al., 2006) . mRFP and mCherry proteins were fused at the N-terminus of p50 and the kinesin-1 fragments.
Immunofluorescence analysis
For immunofluorescence analysis, cells were grown on 13 mm coverslips, transfected using JetPei transfection reagent (Polyplus-transfection, New York, NY) according to the manufacturer's recommendations, then fixed 16-24 hours later in 3.6% formaldehyde, 0.2% glutaraldehyde in PBS for 25 minutes. Cells were quenched with NaBH 4 , permeabilised with 0.1% Triton X-100, 0.05% SDS in PBS and labelled with primary and fluorescently conjugated secondary antibodies. Cells were imaged using a 100ϫ 1.35 NA or 60ϫ 1.4 NA objectives on an Olympus BX60 microscope equipped with a CoolSnap ES camera (Roper Scientific) driven by MetaMorph software (Universal Imaging Corp.).
To estimate the effect of dynein inhibition on ER distribution, VERO cells were transfected with GFP-ER mixed with mCherry-p50 or mCherry (as a control) and expressed for ~18 hours. Images of RFP-and p50-expressing cells (n=154 and n=184, respectively, over three independent experiments) were taken and the fluorescence brightness was measured along a line between the nuclear membrane (close to the microtubule-organising center, where the ER is thickest) and the plasma membrane using ImageJ (Rasband, W.S., ImageJ, US NIH, Bethesda, MD, http://rsb.info.nih.gov/ij /, 1997-2008) . The values obtained per pixel were averaged and displayed as a function of distance from the nucleus.
To determine the percentage of cells with lamellar against reticular ER distribution in control (mCherry or RFP) and inhibitory conditions (RFP-KHCct and mCherryp50 expressing cells), transfected cells were scored in more than 60 fields per condition in at least three independent experiments (>1000 cells in total per condition). Cells were classified as lamellar if more than ~40% of the visible ER surface formed ER patches as opposed to a tubular, reticular network.
Microinjection and transfection
VERO cells grown on glass-bottomed dishes (MatTek Corp., Ashland, MA) were transferred into L15 medium containing 10% FCS and microinjected using an Eppendorf FemtoJet II and Micromanipulator 5171 on an Olympus IX50 at 37°C in a temperature-controlled box. DNA was used at 0.1 mg/ml in 10 mM Tris, pH 8.0. Microinjected cells were imaged 3-5 hours later. Cells on MatTek dishes were transfected with a total 3 μg of plasmid DNA per MatTek dish using JetPei transfection reagent and were imaged 16-24 hours later.
Live imaging and image analysis
Cells were imaged with a 100ϫ 1.35 NA phase-contrast objective, with or without an additional 2ϫ lens element mounted on an Olympus IX81 microscope fitted with a Prior Proscan II H1P7 motorised stage (Prior Scientific Instruments, Cambridge, UK). The stage and nose-piece were enclosed in a heated perspex chamber (Solent Scientific, Segensworth, UK) set at 37°C. Illumination at 475 nm or 575 nm (10 nm bandwidth) was provided by an Optoscan high-speed dynamic bandpass control monochromator (1800 g/mm holographic grating; Cairn Research, Faversham, UK) fitted with a 100 W mercury lamp, in combination with an EGFP/DsRed dichroic and emission filter (set 51019, Chroma Technology Corp., Rockingham, VT). Images were collected using a Photometrics Cascade 512 back-illuminated camera (Photometrics, Tucson, AZ) at ten frames/second, 100 msecond exposure, unless stated otherwise. For dual-colour imaging of GFP-ER and dTomato-EB3, sequential images were collected at 2 frames/second for each colour for a duration of 150 seconds.
Images were analysed using MetaMorph software and ImageJ. To estimate the amount of inward and outward motility in GFP-expressing cells, ER tubules were counted in a boxed area that fitted within cell boundaries. Depending on the experiment, the box dimensions were 10ϫ10, 15ϫ15 or 20ϫ20 μm. Tubules that moved laterally rather than outward or inward were ignored. Rates of ER tubule movement were obtained using the point tracker function in MetaMorph. The percentage of ER tubules moving as TACs against being motor-driven was determined by scoring tubules in 19 cells expressing dTomato-EB3 and GFP-ER, using individual channels and an overlay. QuickTime movies were made from 8-bit MetaMorph stacks in ImageJ. Supplementary material Movie 4 was left uncompressed, whereas the remaining movies were made using MPEG or Sorensen3 image compression set at normal or high, depending on the image sequence.
Drug treatments
To image the behaviour of the ER alone, or together with actin, during drug treatments, cells were first microinjected with DNA encoding GFP-ER ± mRFP-actin and incubated at 37°C, 7% CO 2 in DMEM plus 10% FCS for 3-5 hours. To depolymerise actin filaments, cells were incubated for 1 hour at 37°C, 7% CO 2 , in DMEM containing 10% FCS plus 1 μg/ml cytochalasin D. The medium was then replaced with prewarmed L15 plus 10% FCS and 1 μg/ml cytochalasin D and cells expressing GFP-ER were imaged at 37°C at ten frames per second, as described above.
To visualise the ER and actin behaviour during MT depolymerisation, cells were transferred into prewarmed L15 medium containing 10% FCS and imaged to locate 4-5 microinjected cells, marking their position using the motorised stage. The medium was then aspirated and replaced with L15 plus 10% FCS containing 3 μg/ml nocodazole. Following adjustment of the focus at each position, cells were imaged for up to 40 minutes at one frame per 6 seconds (in one or two colours, depending on the experiment) starting at 2-4 minutes after nocodazole addition. To image ER recovery after nocodazole treatment, cells were first incubated in ice-cold L15 medium plus 10% FCS plus 1 μg/ml nocodazole for 5 minutes on ice, then transferred to the 37°C microscope chamber for 1 hour. Nine or ten cells expressing GFP-ER were located and their positions marked, as described above. The nocodazole-containing medium was aspirated and changed four times with prewarmed L15 plus 10% FCS. After adjusting the focus, imaging commenced 2-4 minutes later and continued for 30-60 minutes at one frame per 6 seconds.
